fitted to sample data of the rainfall, runoff volumes and peak flow rates monitored from the green roof and control area, respectively. The statistical behavior of stormwater runoff from the two areas is evaluated and the best fit probability distribution may be determined. It is of interest to determine if some commonly used probability distributions can be used to fit green roof stormwater data as well.
Introduction
Stormwater management has evolved from centralized downstream control to decentralized local control at the source. Green roofs are considered to be one of many low impact development techniques for stormwater management. Conceptually, green roofs are pervious areas and produce less runoff. However, the runoff characteristics from green roofs are not well understood as both the soil as well as the plant species will affect the runoff. There have been a number of field studies of stormwater from green roofs. Table 18 .1 summaries the results of some of these studies. It is important to recognize that these green roofs and the associated meteorological conditions can be quite different. In general, the green roofs provided better control over peak flow (60-80%) and runoff volume (40-80%). The time delay of runoff varies between 45 to 200 minutes. While it is informative to know the average reduction of runoff volume and peak flow on an event basis, it is important to understand the statistical characteristics of storm runoff from a green roof. This study focuses on the characterization of the statistical properties of runoff from a green roof. The analysis was based on a two year monitoring program at a green roof in the City of Toronto (Toronto and Regions Conservation Authority, 2004).
Description of Study Area
Rooftop gardens have been widely recognized as effective facilities for providing numerous benefits to urban environment (Ryerson, 2005) . As a result of growing interest in green roof planning and design, the City of Toronto has been developing a green roof policy since 2005, which includes a commitment to greening existing and new roofs on municipal buildings where feasible, and developing a pilot incentive program to assist with the capital costs of green roof construction (TRCA, 2007a) . As part of the Sustainable Technologies Evaluation Program (STEP), a multi-agency program led by the Toronto and Region Conservation Authority (TRCA), the York University green roof garden was designed as an instrumental project for demonstration. Constructed in 2001 on the rooftop of the Computer Science and Engineering building at York University, the study area at the site actually consists of two surfaces: the conventional shingles referred to as the control roof, and the garden as shown in Figure 18 .1. The garden with an area of 241 m 2 consists of 140 mm of growing media and is vegetated with nonnative wildflowers. The size of the control roof is 131 m 2 . Both surfaces of the garden and control roof have a 10% slope without baffles. Stormwater from the two roof surfaces drains to Black Creek, a tributary of the Humber River watershed which empties into the Lake Ontario.
To address issues associated with stormwater management and evaluate the performance of the green roof, field data monitoring was conducted onsite for rainfall, stormwater runoff, soil moisture, relative humidity, air and growing medium temperature (TRCA, 2007b) . Figure 18 .2 shows locations of the monitoring instruments. Stormwater runoff from the garden and control roof was monitored continuously with two electromagnetic flow metres. It is important to recognize that these flow meters are good for measuring high flows and poor for low flows. Although rainfall at the site was measured using a tipping bucket rain gauge, long-term continuous rainfall data was obtained from Atmospheric Environment Service (AES) stations in the vicinity, and if necessary, this AES station may also provide back-up data on rain or snow conditions when site data is not available. In this study, the real-time data monitored from the rooftop including rainfall, stormwater runoff, antecedent soil moisture, runoff coefficient are analyzed for its characteristics, and probability distributions are fitted to sample data. For this purpose, several commonly used probability distributions, e.g. normal, log normal and log Pearson distributions are selected, from which the best-fit probability distribution is determined. To better understand green roof hydrology, especially runoff generation mechanism, correlation analysis is performed for identification of prominent factors involved in rainfall-runoff transformation. It is expected that the characterization of stormwater runoff will enhance conceptual interpretation of major physical processes associated with rainfall-runoff transformation under green roof conditions, which contribute to fundamentals of green roof hydrology. 
Rainfall Characteristics
For real-time rainfall data monitoring and collecting, a tipping bucket rain gauge was installed on site and instantaneous rainfall data was observed for 2003, 2004 and 2005 , based on which the annual rainfall depth is estimated. The annual rainfall depths for the three years are 964, 839 and 948 mm, respectively, which are above the average annual rainfall depth of 793 mm. During the three-year rainfall observation period, the maximum rainfall event volume of 48.6 mm was observed on July 20, 2004 at a time period from 13:19 to 15.30 with a mean rainfall intensity of 20.98 mm/hr.; whereas the maximum event rainfall intensity of 45.4 mm/hr was observed on August 10, 2003 at a time period from 16:03 to 16:17 with a rainfall depth of 10.6 mm. Figure 18 .3 shows scatter plots of the rainfall depth against intensity. The scattered points in the figure indicate that there is no obvious correlation between the rainfall depth and intensity. To characterize rainfall statistics, several commonly used probability distributions, namely, normal, log normal and log Pearson distributions are fitted to the rainfall sample data as shown in Figures 18.4 and 18.5, respectively. Based on rainfall volume data ( Figure 18 .4), it is found that the log Pearson distribution fits the observed rainfall data better than either normal or log normal distribution, especially for those rainfall events with a relatively higher magnitude. By comparison, the normal and log normal distributions tend to underestimate rainfall event volumes. However, based on observed rainfall intensity data, Figure 18 .5 indicates that the log Pearson distribution is more likely to overestimate rainfall intensity than the normal or lognormal distributions. But the normal distribution is more likely to underestimate rainfall intensity than the log normal and Log Pearson distributions. In other words, to avoid overestimating or underestimating rainfall intensity, the log normal distribution may be a better choice, which tends to provide an estimate in between. 
Antecedent Soil Moisture
The antecedent soil moisture (ASM) content is normally considered as an important parameter for runoff generation. This parameter indicates degree of saturation of the soil and may have a direct impact on the shape of runoff hydrograph, and the effectiveness of green roof for runoff volume reduction and peak flow attenuation. Data of the antecedent soil moisture content at the site was collected by two ESI GroPoint TM soil moisture sensors which were installed within the garden substrate, with sensor #1 near the top, and sensor #2 near the bottom. Figure 18 .7 illustrates the correlation between the upper and lower sensor measurements. In the figure, the data is fitted by a logarithmic function with the R squared value of 0.43, which was better than the correlation fitted by a linear equation. Sample measurements of the percentage of ASM are fitted by probability distributions as shown in Figures 18.8 and 18.9, respectively. Based on the three commonly used distributions, it is found that the normal distribution is capable of fitting both the upper and lower sensor measured data well. The log Pearson distribution can fit the upper sensor measured data well, but is likely to underestimate the lower censor measured percentage of ASM. In contrast, the log Pearson distribution appears consistently to overestimate both the upper sensor and lower sensor measured data, as indicated in the two figures. 
Runoff Characteristics
For the control roof (the area without vegetation), the maximum runoff event volume was 42.87 L/m 2 observed on the date of September 27, 2003, and the corresponding runoff volume with a value of 27.54 L/m 2 observed on the same date was also the maximum volume among all the sample runoff events monitored from the garden roof. In terms of the two observed values, the runoff volume reduction is estimated as 35.8%. For this rainfall event, the total rainfall depth is 41.6 mm with a mean intensity of 3.8 mm/hr, and the percentage of ASM from the upper and lower sensor are not available due to the malfunctioning of the units. A comparison of the runoff volumes from the garden and control roof is shown in Figure 18 .10. The correlation between the runoff volumes measured from the garden and control roof is shown in Figure 18 .11 with the R squared value of 0.5. For the control roof, the maximum peak flow rate with a value of 100.86 L/hr.m 2 was observed on the date of August 2, 2003, the corresponding flow rate from the garden is 10.68 L/hr.m 2 , indicating a 90% peak attenuation. A comparison of peak flows observed from the garden and controlled roof is shown in Figure 18 .12. As indicated in the figure, the garden is very effective for peak flow attenuation. With the R squared value of 0.29, the peak flow rates from the garden and control roof are not closely correlated. The weak relationship is mainly caused by the three scattered points representing the three highest flow rates observed from the garden as shown in Figure 18 .13. There will be a significant improvement in the correlation if the three points were excluded. Figure 18.14 shows plots of runoff volumes versus peak flow rates for the control roof at the site. It appears that there is no strong correlation between the two observations, and the relationship is also indefinitive based on the monitoring data from the garden as shown in Figure 18 .15. The characteristics of peak flow rates are also analyzed by fitting probability distributions to the observed data. Figures 18.16 and 18 .17 shows fitted probability distributions for peak flows from the garden and control roof, respectively. In Figure 18 .16, the log normal distribution fits the observed data better than either the normal or log Pearson distribution. The normal distribution tends to overestimate peak flow rates for flows with a relatively low magnitude, and underestimate peak flow rates for flows with a relatively high magnitude. However, in Figure 18 .17, the log normal distribution tends to overestimate peak flow rates for flows with a higher magnitude. For the control roof peak flows, both the normal and log Pearson distribution appear to fit the observed data better than the log normal distribution. Figures 18.18 and 18.19 illustrate the fitted probability distributions for the runoff volumes observed from the garden and control roof, respectively. In Figure 18 .18, the log normal distribution fits the observed data better than either the normal or log Pearson distribution. The normal distribution tends to underestimate runoff volume for runoff events with a relatively higher magnitude, whereas log Pearson may overestimate runoff volumes for runoff events with a relatively higher magnitude. In contrast, Figure 18 .19 shows that the log Pearson distribution can fit the observed data better than the log normal and normal distributions. Both distributions tend to underestimate runoff volumes for runoff events with a relatively higher magnitude. From the two figures, it is safe to say that the normal distribution is not the desirable choice for fitting runoff volume data observed from both the garden and control roof. 
Rainfall-Runoff Process

Runoff Volume
One of the important aspects in the characterization of urban stormwater is to establish rainfall-runoff transformation, with which stormwater runoff can be estimated from rainfall. For this purpose, major parameters associated with runoff generation mechanism are analyzed in an attempt to establish quantitative relationships. Figure 18 .20 shows the correlation between the rainfall depth and runoff volume monitored from the control roof. The figure reveals a good relationship between the rainfall-runoff transformation processes with the R squared value of 0.94. However, the measured runoff volumes of some events were slightly larger than the corresponding measured rainfall volumes, indicating some equipment problems. Figure 18 .21 shows the relationship between the rainfall depth and runoff volume with sample data from the garden. With the R squared value of 0.43, the correlation between the rainfall and runoff for the garden is much weaker compared to the relationship for the control roof. The finding appears to be reasonable considering the potential factors involved in the rainfall-runoff process under green roof conditions. The estimation of runoff volume from green roof may be more complicated by considering other major factors such as the antecedent soil moisture condition or soil moisture content. In addition, roof garden runoff generation mechanism is also linked with infiltration and evaporation processes. It is recognized that runoff generation not only depends on rainfall volume but also rainfall intensity. However, the monitored data from the rooftop appears to indicate that there is no strong correlation between runoff volume and rainfall intensity. It may be attributed to the weak correlation between rainfall volume and rainfall intensity as illustrated in Figure 18 .3. As shown in Figure 18 .22, rainfall events with a high intensity may not generate a high volume of runoff, and events with a low intensity are still able to produce a high runoff volume. The patterns between the rainfall volume and rainfall intensity appear to be similar for both the garden and control roof. 
Peak Flow Rate
Another important characteristic of stormwater runoff is peak flow rate. It is of significance to examine the relationship between the rainfall and peak flow rate as part of the effort to characterize the rainfall-runoff transformation process on the rooftop. Figure 18 .23 shows the plot of rainfall volume against peak flow rate monitored from the control roof. The figure indicates that the peak flow rate from the control roof is not particularly related to the rainfall volume. The rainfall event with the highest rainfall volume does not produce the highest peak flow rate; a higher peak flow rate is produced by the rainfall events with a relatively low magnitude of rainfall volume. By comparison, the correlation between the rainfall volume and peak flow rate is also weak based on the roof garden data. But this correlation as shown in Figure 18 .24 is somewhat more defined than the correlation for the control roof. From the figure, it is also noted that there is an apparent trend among the plotted points except for one rainfall event with a rainfall depth of 10.6 mm on August 11, 2003 that produces the highest peak flow rate of 46.74 L/hr.m 2 . This exceptional point may be an outlier caused by measurement error. The data from the garden and control roof also reveals a weak correlation between the peak flow rate and rainfall intensity as shown in Figures 18.25 and 18 .26. Since the garden infiltration rate is not monitored, it is difficult to determine conditions for overland flow based on the rainfall intensity data alone. 
Antecedent Soil Moisture
It is well known that runoff not only depends on rainfall characteristics such as rainfall volume and intensity, but also the characteristics of the soil such as antecedent soil moisture content. For two rainfall events with the same characteristics (e.g. same rainfall volume and intensity), the generated runoff may not be the same in terms of runoff volume or peak flow rate if the antecedent soil moisture content before the two rainfall events are significantly different. However, when the ASM approaches the fully saturated condition (e.g. 30-40%), the runoff characteristics (e.g. volume and intensity) may not be dependent on the ASM. To evaluate this important parameter, the monitored ASM with the upper sensor is plotted against the runoff volume as shown in Figure 18 .27. From the figure, it appears that there is no clearly defined correlation between the percentage of ASM and runoff volume. The lower sensor monitored data (Figure 18 Theoretically, for the same rainfall event, runoff volume increases when the percentage of ASM increases until saturation. It is also true for peak flow rates. The antecedent soil moisture condition also affects infiltration rate. However, in this study, no equipment was installed for monitoring soil infiltration process. As a result, no infiltration data can be used for correlation analysis. 
Runoff Coefficient
Instead of trying to identify all the potential factors associated with the rainfallrunoff transformation process, and then trying to determine which factor plays a more significant role in the process, it is of interest to evaluate the collective impact of these factors on the rainfall-runoff process in terms of certain lumped parameters. One of such commonly used parameters is the runoff coefficient. In cases where no data is available for soil characteristics such as soil moisture content and infiltration rate, it is difficult to incorporate infiltration or other physical processes into the rainfall-runoff transformation. Under such conditions, using a lumped parameter in rainfall-runoff formulation can be advantageous.
Runoff coefficient is an important quantitative index for runoff estimation, a direct measure of rainfall-runoff transformation. Runoff coefficient may be estimated as the ratio of direct runoff over rainfall volume. Data analysis shows that the values of runoff coefficient are normally greater than 0.6 for the control roof, and between zero and one for the garden. Figures 18.31 and 18.32 shows the correlation between the runoff volume and runoff coefficient for the control roof and the garden, respectively. For the control roof as shown in Figure 18 .31, it is noted that runoff coefficients of some events are larger than one, indicating problems with some measurements. The runoff volume is not strongly correlated with the runoff coefficient as expected. The relatively weak relationship is more or less affected by the two scattered points on the top of the figure and may be attributed to poor measurements. In contrast, the runoff volume and runoff coefficient correlation for the garden is more clearly defined with the R squared value of 0.69 as shown in Figure 18 .32.
Besides runoff volumes, it may be also interesting to examine the impact of runoff coefficient on peak flow rates. To characterize the relationship between the peak flows and runoff coefficient, measured peak flows are plotted against runoff coefficient in Figures 18.33 and 18 .34 for the control roof and garden, respectively. The two figures clearly show that the correlation between the peak flow and runoff coefficient is not definitive. 
Conclusions
Statistical analysis of the measured rainfall data indicates that the correlation between rainfall volume and intensity appears to be very weak. Some commonly used probability distributions can be used to fit sampled rainfall data, but the Log Pearson and Normal distributions are more likely to overestimate or underestimate rainfall statistics, and the Log normal distribution provides an estimate that is in between. By contrast, the normal distribution can fit the antecedent soil moisture data (obtained from both the upper and lower sensors) well. Analysis of monitored runoff data reveals that roof garden is effective for stormwater volume reduction and peak flow attenuation. Even with only 140 mm of soil, the roof garden reduced the runoff significantly for some rainfall events. The correlation between runoff volume from the garden and control roof is stronger than the correlation between peak flows from the two roof surfaces. For peak flow data either monitored from the garden or control roof, the Log normal distribution provides the most conservative estimates of peak flow rates compared with that from the normal and Log Pearson distributions. In contrast, the Log normal distribution may provide the most conservative estimates of runoff volume which are actually in between the normal and Log Pearson estimates. Based on the data monitored either from the garden or control roof, there is no apparent correlation between runoff volume and peak flow rates.
For the rainfall-runoff transformation, correlation analysis indicates that there is a strong correlation between the rainfall and runoff volume in terms of the data collected from control roof. By comparison, the relationship between the rainfall and runoff volume is not strong, based on the data from the garden. The correlation between the peak flow rates and rainfall volume or intensity is also weak based on the data from both the garden or control roof. There is no apparent correlation between the antecedent soil moisture content and runoff volumes or peak flows. The correlation between runoff volume and runoff coefficient from garden monitored data is stronger than the correlation for the control roof. This may be attributed to the measured runoff at the control roof in which the runoff exceeded rainfall. The data collected from the garden and control roof indicate that peak flows appear to be independent of runoff coefficient. Based on roof garden data, it appears no apparent correlation was found between the antecedent soil moisture content and runoff coefficient.
Some of the findings in this study are counter-intuitive and may be attributed to poor measurements. Field monitoring of roof runoff is challenging compared to the conventional monitoring of stormwater best management practices. Accurate measurement of flow at roof drains is difficult as the flow may be partial or full pipe conditions. Moreover, flow sensors such as weirs or electromagnetic flow meters work only over a certain range of flows. As a result, the current established methods for stormwater design may not be easily adapted for green roofs.
